A B S T R A C T
Objectives. This study estimated future morbidity, mortality, and costs resulting from hepatitis C virus (HCV).
Methods. We used a computer cohort simulation of the natural history of HCV in the US population.
Results. From the year 2010 through 2019, our model projected 165 900 deaths from chronic liver disease, 27200 deaths from hepatocellular carcinoma, and $10.7 billion in direct medical expenditures for HCV. During this period, HCV may lead to 720 700 years of decompensated cirrhosis and hepatocellular carcinoma and to the loss of 1.83 million years of life in those younger than 65 at a societal cost of $21.3 and $54.2 billion, respectively. In sensitivity analysis, these estimates depended on (1) whether patients with HCV and normal transaminase levels develop progressive liver disease, (2) the extent of alcohol ingestion, and (3) the likelihood of dying from other causes related to the route of HCV acquisition. During the 1980s, 230000 cases of acute hepatitis C virus (HCV) occurred annually, most of which were associated with blood transfusions or injection drug use. 1 Because of changes in the blood donor population and transfusion practice, mandatory screening of donated blood, and declines in injection drug users, only 28 000 to 36 000 cases of acute HCV now occur annually. Chronic hepatitis develops in about 85% of those infected. [1] [2] [3] Thus, HCV is the etiology in 40% of the patients with chronic liver disease. 1, 4 Antibody screening in 1988 through 1994 suggested that 3.9 million people in the United States were infected, 4 times the number infected with HIV.
Conclusions. Our results confirm prior Centers for Disease Control and
1,3,5 Some 2.7 million of these individuals have detectable HCV RNA in their blood. 6 In the United States, chronic HCV infection accounts for 8000 to 10000 related deaths annually. 1, 3 It has become the leading cause of liver transplantation, accounting for 30% of all liver transplants. 1, 7 The Centers for Disease Control and Prevention (CDC) conservatively estimates expenditures devoted to HCV to be more than $600 million annually. 1 The goals for Healthy People 2000: National Health Promotion and Disease Prevention Objectives included reducing hepatitis C cases by one fourth and cirrhosis deaths by one third. 8 Although the targeted decline in the incidence of HCV already has been achieved, 9 annual deaths attributable to liver disease in the 1990s have remained relatively constant at about 25000, making it the 10th leading cause of death, despite declining alcohol-related liver deaths. 1, 10, 11 The CDC predicts that HCV-related mortality might double or triple over the next 10 to 20 years. 1 We modified a previously published computer cohort simulation model for the natural history of hepatitis C to estimate the future long-term morbidity, mortality, and costs that might be expected from cases of hepatitis C that existed in 1991.
12,13

Methods
Decision Analytic Model
We used a Markov computer simulation to model prognosis by following up over time a cohort representative of the HCV-infected cohorts for each age group within the National Health and Nutrition Examination Survey III (NHANES III). 14, 15 Details of the computer model have been published elsewhere. 13, 16 Briefly, in a Markov simulation, cohort members move among predefined states of health over time periods or cycles (e.g., 1 year) until all members have died. By tracking the proportion of the cohort developing complications each year and their care costs, the computer simulation estimates future HCV-related morbidity, mortality, and expenditures.
The health states were based on liver histology, presence or absence of hepatitis C viremia, decompensated liver disease, hepatocellular carcinoma, or liver transplantation ( Figure 1 ). The 3 histologic states considered were mild hepatitis, moderate hepatitis, and a cirrhotic stage. 17 The likelihood of these health state transitions was based on probabilities derived from a review of the literature in which actuarial techniques were used; expert opinion was used when such data were unavailable. For this study, the previously published model was modified to include states of health for those cohort members with normal liver transaminase levels and for those with known or unknown hepatitis C. Patients with unknown hepatitis C were assumed to have silent disease and did not incur any HCVrelated health care costs until they developed hepatocellular carcinoma or decompensated liver disease.
Data
US population. The prevalence of disease was based on the NHANES III data, in which free-living civilians had household interviews and standardized physical examinations between 1988 and 1994. 18 NHANES III used a multistage probability sample design with oversampling of children younger than 5 years, persons aged 60 years or older, Mexican Americans, and non-Hispanic Blacks. The data were weighted for the different probabilities of selection and response to produce estimates representative of the national population. The analysis assumed a population distribution that matched the 1991 US population census estimates (the midpoint of the NHANES III study), which divided the 251 million Americans into 12 age groups.
We focused on antibody testing for HCV. Because none of the patients younger than 6 years were tested for HCV antibodies, the computer simulation considered 9 age groups ( Table 1 ). The 30-to 39-year-old group had the highest prevalence of HCV antibody-3.9%, for an estimated 1.6 million HCVinfected individuals. Among those who were antibody positive, an estimated 2.7 million people (70% of those infected) had detectable serum HCV RNA. Table 2 presents the data used. 13, 16, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] To make conservative assumptions (possibly underestimating the disease burden from hepatitis C), we assumed that 2 million of the 3.9 million who were antibody positive could develop progressive liver disease. We excluded 1.9 million by assuming a benign prognosis for 2 subgroups: (1) the 30% who had no detectable viral RNA and (2) the 25% of those remaining because they presumably had normal serum liver transaminase tests. 32 Although these patients are referred to as "healthy HCV carriers," only 13% of the liver biopsies in these patients were normal. 7 In sensitivity analysis, we varied the natural history of this group and allowed these patients to progress at half the rate of those with elevated transaminases. 36 We assumed that only 5% of the patients with hepatitis C have known disease. 33 Although CDC data regarding the risk factors associated with acute HCV infection are available, the specific route of transmission (injection drug use or transfusion) for the hepatitis C cases found in the NHANES III survey is unknown. We therefore explored the effects of excess mortality (beyond that occurring in an age-and sex-matched sample from the general population) associated with the source of HCV infection: injection drug use 35 or the disease leading to transmission of hepatitis C by transfusion. 22, 34 Depending on the available data, we used an additive or a multiplicative mortality model. 37 HCV-infected pa- Note. NHANES = National Health and Nutrition Examination Survey; HCV = hepatitis C virus.
tients, who are more likely to die from other causes, will be less likely to live long enough to develop HCV-related liver complications. To make the model tractable, we did not consider co-infection with hepatitis B or HIV, which shortens life expectancy but which also may increase the likelihood of developing progressive liver disease.
38-40
HCV-related mortality, decompensated cirrhosis, and compensated cirrhosis. In 1991, 25429 deaths were attributed to chronic liver disease and cirrhosis. 41 From 1979 to 1988, 36% to 41% of the deaths related to chronic liver disease were attributable solely or partly to hepatitis C, 4 so 9154 to 10426 of the deaths in 1991 were likely to be related to hepatitis C. To provide a conservative estimate, we assumed that 8000 deaths were related to hepatitis C-induced chronic liver disease in 1991. 1 To estimate the likelihood of cirrhosis in each NHANES III age group, we performed a linear regression analysis (R 2 =0.97) of 2235 patients who underwent liver biopsy and obtained their age at the time of biopsy (Table 2) . 19 Because these patients were involved in treatment trials and subject to selection bias, we adjusted the proportion of patients with compensated and decompensated cirrhosis in each NHANES III age group until the predicted number of non-cancer-related deaths from HCV for 1991 was 8000, thereby perhaps correcting the selection bias inherent in this data set. 3 To estimate the likelihood of histologically moderate hepatitis for each age group, we assumed a 13.7-year lag time based on a 7.3% annual probability of developing cirrhosis with moderate hepatitis. 13 Hepatocellular carcinoma. In 1991, the incidence of hepatobiliary cancers was 15000. 42 Two thirds arise in the gallbladder or the intrahepatic or extrahepatic biliary ducts, 43 leaving 5000 primary hepatocellular carcinomas, of which one third, or 1667, may be related to HCV. 44, 45 From the 5-year period 1986 to 1990 through 1991 to 1995, the age-adjusted incidence of hepatocellular carcinoma increased by about 26%, 46 so we reduced our baseline estimate for the annual probability of hepatocellular carcinoma until there were 4.8% more cases in 1992 than in 1991, or 1747 incident cases. We then applied this 0.5% annual probability of developing carcinoma for all subsequent years.
Orthotopic liver transplantation. From the United Network for Organ Sharing data, we determined that 4930 liver transplants for hepatitis C occurred between 1991 and 1997. 47 We adjusted the annual likelihood of liver transplantation so that our model predictions matched this estimate. We then applied this 1.5% annual probability of liver transplantation to all patients with decompensated cirrhosis. We compared the number of patients on the waiting list and the number receiving transplants who were younger than 65 with those who were 65 and older and found a close match for years 1988 to 1996, so we did not decrease the likelihood of transplant for those 65 and older. Presumably, this occurs because only those individuals who are healthier or physiologically younger are selected to be placed on the transplant waiting list.
Alcohol and hepatitis C. In the base case, we did not include any specific effect of alcohol on disease progression. In sensitivity analysis, we examined the effect of alcohol consumption on disease progression. From the NHANES III data, we determined that 17.6% of those with hepatitis C antibodies ingested more than 50 g/day of alcohol compared with 8.6% in the group without hepatitis C antibodies. 18 If the HCV-infected population is similar to that observed by Wiley et al., 48 about half would ingest more than 50 g/day of alcohol. Because such intake doubles the progression rate and because 17.6% of the NHANES III HCV-infected population ingested that much alcohol, 19 the result would be a 1.28 relative increase in the annual probability of progression for all patients. Similarly, if alcohol intake could be eliminated from this population, the annual likelihood of progressive liver disease would be reduced by 15%. 18, 19 Normal liver transaminase levels. In the base case, we assumed that the 25% of the patients with chronic hepatitis C and persistently normal liver transaminase levels would not develop progressive liver disease. In sensitivity analysis, we examined the effect of assuming that 33% of the patients with chronic hepatitis C have persistently normal liver transaminase levels and would not develop progressive liver disease. We also examined the effect of assuming that individuals with normal transaminases might develop progressive liver disease, albeit at one half the rates in Table 2 of individuals with elevated transaminases (e.g., the annual likelihood of progression from mild to moderate hepatitis was 2.1%).This estimate was based on a comparison study of serial liver biopsies in patients with and without elevated transaminases. 36 Mortality related to other causes. In the base case, we did not assume any additional non-HCV-related mortality risk compared with the general population. In additional analyses, we examined the effect of excess mortality associated with the source of the HCV infection, in particular, related to continued injection drug use or related to a disease that necessitated a blood transfusion (e.g., coronary bypass surgery).This excess mortality reduced future HCV-related liver complications by increasing deaths from other causes, thereby decreasing the proportion of the cohort that would survive to develop HCVrelated complications.Although data exist on the etiology of hepatitis C for incident cases, no such data are available for the HCV-positive individuals in the NHANES III, because injection drug use was not asked about and could not be linked to hepatitis C antibody results, and history of transfusion was not available. To determine the maximum potential effect, we therefore assumed that this risk affected the entire population.
Costs. Direct medical care cost estimates were based on actual variable costs for patients with hepatitis C treated at a university hospital. 13 Variable costs refer to the cost to care for 1 additional patient with a particular medical problem and exclude fixed and indirect costs. The annual costs associated with each health state included medications, laboratory tests, office visits, and hospitalizations, based on their yearly frequency. The cost data were in 1995 dollars and were adjusted to 1999 dollars with the medical care component of the Consumer Price Index (Table 2) . 49 In a separate analysis, we estimated the additional indirect costs related to disability or mortality from hepatitis C. We used the computer simulation to determine the years of life spent by the cohort with decompensated cirrhosis or hepatocellular carcinoma. To estimate the years of life lost, we also compared life expectancy estimates for the Note. HCV = hepatitis C virus. a Probability of cirrhosis = age × 0.0107 − 0.2913 (SE = 0.0107 ± 0.0008 and -0.2913 ± 0.0436, P < .0001 for both). Probability of moderate hepatitis = (age + 13.7) × 0.0107 − 0.2913, assuming a 13.7-year lag from moderate hepatitis to compensated cirrhosis.
chronic hepatitis C population with those for an age-and sex-matched general population.
To assign an economic indirect or time cost related to lost productivity due to death (mortality costs) or disability (morbidity costs), we applied the median weekly earnings of full-time wage and salary workers for the fourth quarter of 1999 ($568) or $29 536 annually for time lost. 50 These estimates calculated premature mortality and assumed permanent disability once patients developed decompensated cirrhosis or hepatocellular carcinoma but did not consider quality-oflife deficits or time lost for outpatient visits or hospitalizations.
Results
Comparison With Published Studies
Because some parameters had changed from the previously published model, we sought to compare model predictions with published outcomes. Seeff et al. 51 followed up 568 patients with non-A, non-B hepatitis for 18 years and found a 51% mortality, with 3.3% of the deaths related to liver disease. Matching the age of this population and the 51% mortality after 18 years, our model estimated that 2.3% of the patients would die from liver disease, assuming that acute infection was resolved in 15% of the patients and that progressive liver disease might develop in the remaining 85%. If, however, 25% of the 85% whose infection did not acutely resolve had persistently normal transaminases and would not develop progressive liver disease, then our model predicted that only 1.7% of the patients would die from liver disease after 18 years.
Among 384 hepatitis C patients with compensated cirrhosis, Fattovich et al. 24 found that 18% developed decompensated cirrhosis, 8% developed hepatocellular carcinoma, and 13% died over 5 years of follow-up. Matching the age of this population, our model estimated that 18% of the patients would have developed decompensated cirrhosis, 2.3% would have developed hepatocellular carcinoma, and 12% would have died.
We also compared the predicted number of liver transplants from the model beyond 1997 with a regression-based prediction (R 2 = 0.99, details available from the authors) and found the numbers to be similar. Assuming that 20% to 30% of all future liver transplants would be for hepatitis C, the model predicted 1443 transplants in 2015 vs a regression-based prediction of 1377 to 2065 transplants. Thus, our model predictions are conservative but similar to published outcomes or to regressionbased predictions.
Note. The higher estimates reflect alternative assumptions that chronically infected patients with persistently normal transaminases might develop progressive liver disease or that a higher proportion of patients ingested alcohol in excess of 50 g/ day. The lower estimates reflect alternative assumptions regarding mortality from other causes, none of the infected patients drinking more than 50 g/day of alcohol, or 33% of the chronically infected patients having normal transaminases and never developing progressive liver disease. On the basis of existing cases of chronic hepatitis C in 1991, our analysis would suggest continued rising mortality over the next 10 years with a subsequent decline 10 to 20 years from now. 
Model Predictions
Based on the 2 million individuals who had detectable viral RNA for HCV and who presumably had elevated liver transaminases in 1991, our model predicted that annual HCVrelated liver deaths for the years 2010 to 2019 would increase 2-fold when compared with the 8000 deaths in 1991 (Figure 2 ). HCV-related chronic liver disease mortality would be 181300 over this 10-year period, with another 27200 deaths from HCV-related hepatocellular carcinoma (Table 3 ). The highest proportion of deaths related to hepatitis C would occur 10 to 20 years from now, peaking in 2014. The need for liver transplants would rise until 2015. Because of the higher risk for decompensated liver disease and the relatively low risk of cancer assumed for this analysis, new cases of hepatocellular carcinoma would rise only until Figure 3 shows the estimated annual direct medical care costs. For the 10-year period from 2010 to 2019, direct medical expenditures would be $10.7 billion.
Sensitivity Analysis
We examined the effects of varying particular assumptions of the model (Figures 2  and 3, Table 3 ). Increasing the proportion of individuals with known hepatitis C had little effect because antiviral treatment costs were not considered; thus, costs were mostly for treatment of hepatocellular carcinoma and decompensated liver disease as opposed to monitoring costs in the presymptomatic stages of the disease. To determine upperbound estimates for future HCV-related mortality, we asked what would happen if patients with normal transaminase levels could progress and what would happen if half of this population ingested more than 50 g/day of alcohol. 48 In such scenarios, annual HCVrelated deaths 10 to 20 years from now might be 2.2 to 2.9 times the number of deaths in 1991. HCV-related chronic liver disease deaths might reach as high as 225 800, with another 34 900 deaths from hepatocellular carcinoma and direct medical care costs reaching $14.1 billion over this 10-year period (Table 3) .
To determine lower-bound estimates, we introduced deaths from other causes related to the route of acquisition of hepatitis C (injection drug use or transfusion). Despite these additional forces of mortality, HCV-related deaths from chronic liver disease would still be 1.1 to 1.5 times the 8000 deaths in 1991 and would result in at least 105700 deaths and another 17700 deaths from hepatocellular carcinoma, with direct medical care costs exceeding $6.7 billion from 2010 through 2019 (Table 3) .
Finally, we determined additional lowerbound estimates, assuming (1) that alcohol use Note. HCV = hepatitis C virus.
Note. The higher estimates reflect alternative assumptions that chronically infected patients with persistently normal transaminases might develop progressive liver disease or that a higher proportion of patients ingested alcohol in excess of 50 g/ day. The lower estimates reflect alternative assumptions regarding mortality from other causes, none of the infected patients drinking more than 50 g/day of alcohol, or 33% of the chronically infected patients having normal transaminases and never developing progressive liver disease. On the basis of existing cases of chronic hepatitis C in 1991, our analysis would suggest continued rising medical costs over the next 10 years with a subsequent decline 10 to 20 years from now. could be reduced so that no HCV-infected individuals drank more than 50 g/day of alcohol or (2) that one third (as opposed to one fourth) of the viral-positive individuals had normal transaminase levels 52 and would not develop progressive liver disease. With either scenario, annual HCV-related deaths from chronic liver disease would range from 1.6 to 1.9 times the number of deaths in 1991. HCV-related chronic liver disease and hepatocellular carcinoma would result in at least 132 700 and 22 400 deaths, respectively, with direct medical care costs exceeding $8.9 billion from 2010 through 2019.
Indirect Costs
From the year 2010 to 2019, our model projected 165900 deaths from chronic liver disease and 27200 deaths from hepatocellular carcinoma related to hepatitis C. When compared with an age-matched general population over these 10 years, the HCV-infected cohort would have 959700 years of decompensated cirrhosis or hepatocellular carcinoma and the loss of 3.09 million years of life. Considering those younger than 65, hepatitis C may lead to 720700 years of decompensated cirrhosis and hepatocellular carcinoma and to the loss of 1.83 million years of life. Over the 10 years from 2010 through 2019, the societal cost of premature mortality for those younger than 65 would be $54.2 billion, and the cost of morbidity from disability related to decompensated cirrhosis and hepatocellular carcinoma would be $21.3 billion.
Discussion
Hepatitis C was discovered just 10 years ago, but much progress has been made in detecting this disease, determining its incidence, and initiating treatment. However, uncertainty persists regarding its natural history and future health burden. In 1991, nearly 4 million Americans had antibody evidence of hepatitis C exposure. Based on only the estimated 2.0 million exposed individuals who were viremic and likely had elevated liver transaminases, our computer projections corroborated CDC predictions that mortality from HCV-related liver disease may increase 2-to 3-fold over the next 10 to 20 years. Our projections may have underestimated mortality because they excluded (1) the more than 200000 cases of acute hepatitis C that have occurred over the past 7 years (85% of these patients are likely to have developed chronic hepatitis) 18 and (2) the 700000 or so inmates in the United States with HCV infection 53 who were not included in the NHANES III. Also, our estimates did not consider the possibility of accelerated HCV progression in older individuals or those coinfected with hepatitis B or HIV, who are more likely to develop hepatic complications. 19 Corroborating our results, Davis et al. 54 predicted substantial future health burden related to hepatitis C, and Deuffic et al. 55 also predicted similar results for the hepatitis C epidemic in France.
If patients with normal transaminase levels can develop progressive liver disease (albeit slowly) or if a higher proportion of patients with hepatitis C ingest more than 50 g/ day of alcohol, the future burden of HCV would increase. However, our results also showed that excess mortality related to the source of HCV transmission (e.g., injection drug use or blood transfusion) may limit the proportion of patients living long enough to develop HCV-related complications. Even so, HCV-related deaths still may exceed 105700 from chronic liver disease and 17700 from hepatocellular carcinoma from the year 2010 through 2019.
When only direct medical costs were considered, our model predicted that the cost to treat future HCV-related disease would range from $6.5 to $13.6 billion for the years 2010 through 2019. Our projections for hepatitis C likely underestimated the long-term costs because they did not include future expenses related to periodic liver biopsy, screening for hepatocellular carcinoma, and treatment costs. Moreover, our estimates applied variable costs (the additional cost to treat 1 more patient) and not charges (retail price) or total costs (including fixed costs or overhead). 56 The latter are typically 2 to 3 times higher. For example, in this analysis, liver transplantation cost $108659 for the first year and $18976 per year subsequently (in 1999 dollars), but other studies that used charge data reported transplantation costs of $200 000 or higher for the surgery and $25000 per year for medications. 57, 58 In addition to direct medical costs, our analysis suggested that the societal burden of indirect or time costs 59 related to premature mortality or disability from decompensated cirrhosis or hepatocellular carcinoma may add another $54.2 and $21.3 billion, respectively, in lost productivity, both of which exceed the $10.3 billion baseline direct medical costs of hepatitis C.
Our results suggested that despite the remarkable decline in the incidence of hepatitis C, mortality related to existing cases of hepatitis C in 1991 will likely continue to increase over the next 10 to 20 years, and our results confirmed that hepatitis C may be an awakening giant. 60 Although screening tests and treatments are available, waiting times for new patient appointments to see a hepatologist for evaluation of hepatitis C in some parts of the United States have increased to several months, emphasizing the need to train clinicians in the management of hepatitis C. There is some urgency for action because hepatitis C is frequently asymptomatic until cirrhosis develops, at which time treatment is less effective. Once hepatic decompensation occurs, treatment is limited by the shortage of donor transplant organs. Additional research regarding the cost-effectiveness of screening for hepatitis C and indications for treatment should be pursued to help formulate public health policy in this area. Continued research on the natural history of hepatitis C and the development of new treatments should remain priorities for the nation's health. 
